Background: Schizophrenia (SZ) is characterized by marked social dysfunctions encompassing potential deficits in the processing of social and non-social information, especially in everyday settings where multiple modalities are present. To date, the neurobiological basis of these deficits remains elusive.
Introduction
Dysfunctional social cognition is a hallmark feature of schizophrenia (SZ) (1, 2) . Social cognition entails subdomains ranging from perception of social information to mentalizing and social interaction (3) . Patients with SZ, however, commonly suffer from deficits in these processes. These deficits, correlated with negative symptoms (4) , contribute directly to impairments in social functioning (5) . Among these processes, an important field in SZ research is the processing of social-relevant stimuli and its underlying neurobiological mechanisms.
In daily social communication, individuals encounter a diverse spectrum of information from multiple modalities (6) . These include non-linguistic inputs from others' facial expressions, body movements, e.g., postures and gestures, as well as linguistic stimuli from auditory speech and written texts. Importantly, the multimodal information comprises social and non-social information to individuals, and the processing of this information forms the basis to further mentalize social intentions, and to perform appropriate social interaction with others (7) . To date, despite substantial reports of deficits in social processes in SZ (2), neuroscientific studies on SZ's social dysfunction have most extensively investigated aberrant emotional perception of faces (8) , and to a lesser degree, voices (9) , while limited research has directly examined potentially aberrant perception of social (person-related) and non-social (object-related) information. In basic research, a seminal fMRI (functional magnetic resonance imaging) study on social information processing, using linguistic stimuli, has identified distinct brain regions for processing socially and non-socially relevant information (10) : when healthy participants were asked to judge whether visual word pairs are person-or object-related, person-related social stimuli activated the medial prefrontal cortex (mPFC), a crucial region forming the mentalizing network (7, (11) (12) (13) . This functional relevance of the mPFC for processing social information has been replicated in later studies exploiting comparable tasks (14, 15) . In addition, non-social vs. social content comparison elicited a network including the bilateral insula and the left parietal lobe, these are regions typically reported for processing concrete objects or tools (16, 17) . Importantly, this line of research has primarily examined linguistic stimuli such as single written words, largely neglecting the multimodal nature of social and non-social information in everyday life: for instance, marked social or non-social features can be delivered by either a "be silent" emblem or a "hammering" pantomime via hand gestures, without providing any linguistic information. Moreover, it is common to use both gesture and speech together. For example, to ask someone else to stop, we often use a "stop" gesture (e.g., a raised hand) together with its verbal counterpart.
Interestingly, irrespective of encoding modality, processing of social information is shown to consistently activate a mentalizing network including the mPFC, at least in healthy individuals (13, 18) . For example, It is reported that a left-lateralized network, including the mPFC, is activated when processing social-abstract information encoded in both auditory speech and visual gestures (18) . This 'supramodal' nature of social information processing further concurs with the role of the mPFC (and the mentalizing network) for a wide range of social tasks based on linguistic and non-linguistic stimuli (19) . For non-social concrete information, literature also suggests that humans may recruit brain networks that is modality independent (20, 21) . These characteristics of social and non-social information processing may have profound implications in SZ research: given the well-documented deficits of SZ in social processes (2, 22) , it remains unknown whether social information processing is impaired in SZ, and if so, whether this potential deficit is modality dependent. Similarly, for processing of concrete, object-related non-social information, previous literature suggests that patient's processing may be impaired at least in visually presented linguistic form (23) .
In the form of hand action, however, the reports on SZ's potential neural deficits are mixed (24, 25) . Importantly, to date, no prior study has directly compared social/non-social information processing in speech and gesture in SZ.
The current study directly addresses these gaps. We presented videos of an actor communicating in a spontaneous and naturalistic manner. The actor performs either social (person-related) or non-social (object-related) content in different modalities, where social and non-social features are perceivable in gesture-and speech-only modalities. Similar to approaches from previous research (10, 18), we directly compared social vs. non-social videos, so as to identify neural perception of social and non-social information in both speech and gesture modalities. Besides, we also showed to participants videos with bimodal inputs (actor both speaking and gesturing). Based on previous basic research, we hypothesized that the mentalizing network supports the processing of social (person) information (10) , and that non-social (object) information processing will activate leftlateralized regions including the lateral occipitotemporal cortex (LOTC), the superior temporal gyrus/sulcus (STG/STS), as well as pre/postcentral gyri forming the putative mirror neuron system (26) (27) (28) (29) . We focused on group differences between a group of patients suffering from schizophrenia or schizoaffective disorder, and their age-and education-matched controls: for processing social content, we expected patients to show reduced activation in the mentalizing regions, irrespective of encoding modality (22) ; for non-social content, despite mixed findings from previous neuroimaging research on hand action observation on SZ (24, 25) , following previous report on dysfunctional processing of non-social linguistic stimuli in SZ (23), we hypothesized neural modulation of the objectrelated regions for patients with SZ for both gesture and speech modalities. Additionally, we hypothesized that the presence of bimodal content might compensate for those unimodal deficits, leading to improved performance and similar neural processing to the control group.
Participants
We summarized participants' demographic and clinical characteristics in Table 1 .
Seventeen patients were recruited at the Department of Psychiatry and Psychotherapy at the University of Marburg, and were diagnosed according to ICD-10 with schizophrenia (F20.0, n=13, and F20.3, n=1) or schizoaffective disorder (F25.0, n=2, and F25.3, n=1).
Participants in both groups are native speakers of German, and have no knowledge of Russian language. All except one of the patients received antipsychotic treatment; six were additionally treated with antidepressive medication. Positive and negative symptoms were assessed with the Scale for the Assessment of Positive Symptoms (SAPS) (30) , and the Scale for the Assessment of Negative Symptoms (SANS) (31) . Eighteen age-and education-matched healthy participants with no history of any mental disorders were recruited from the same area. Exclusion criteria for both groups were brain injury and neurological or other medical diseases affected by brain physiology. In both groups, we conducted neuropsychological tests to assess working memory function, digital span, trail making (TMT), verbal IQ (MWT-B) (32) , and metaphoric language processing (concretism, evaluated with the Proverb Interpretation Task) (33) . These measures are reported in Table   1 . We report, additionally, scores from the subscales of SAPS and SANS, word fluency test, as well as gesture production and perception (BAG, Brief Assessment of Gesture (34)) in the supplement (Table S1 ). All participants had normal or corrected-to-normal vision and hearing. Except for one control and one patient, all other participants are right-handed. All participants gave written informed consent prior to participation in the experiment and were compensated monetarily. The study was approved by the local ethics committee. 
Materials and procedure
We employed a content judgement paradigm from a previous study (18) , to investigate multimodal (speech and gesture) processing of social and non-social information. We showed to participants five-second videos of an actor spontaneously communicating both 
fMRI data analysis
We performed statistical whole-brain analysis in a two-level, mixed-effects procedure.
On the first level, single-participant BOLD responses were modeled by a design matrix comprising the onset time points of each event (critical word of each sentence as used in the previous event-related fMRI and EEG studies, e.g., (18, (35) (36) (37) (38) For both groups, we firstly reported contrast images comparing the processing of social vs. non-social conditions (S>N and N>S) within each modality for each group. Secondly, for each modality, we performed interaction analyses to investigate group differences in the processing of social or non-social conditions. Lastly, we tested the three-way interaction of group*modality*content, and performed conjunction analyses between this contrast and contrasts from the last step. This step revealed modality-specific group differences for the processing of social and non-social content, which is reported in the results section.
Additionally, for patients, we tested the interaction between modalities on social vs. nonsocial content processing, so as to reveal how bimodal stimuli might compensate potential neural processing deficits for patients with SZ. This is reported in Supplement S2.
Based on the literature showing a potential relationship between symptom severity (especially negative symptoms) and social/non-social cognition (4, 42) , for patients with SZ, we explored the relationship between clinical measures and brain activation in areas that are relevant to social/non-social information processing. We conducted explorative correlation (spearman) analyses between 1) parameter estimates from clusters showing significant group difference for either social or non-social conditions, 2) behavioral measures (reaction times and accuracy) for each experimental condition, and 3) scores from sum/general and subscales of SAPS and SANS.
Results

Behavioral results
Descriptive and inferential statistics from the content judgement task are reported in detail in the supplement (S1 and Table S2 ). In general, in the content judgement task, patients responded slower and were less accurate than controls. Additionally, task accuracy for the bimodal condition was higher than for other modalities in both patient and controls.
However, we observed no group interaction with either content or modality manipulations.
fMRI results
Social>Non-social: we report whole-brain fMRI results for S>N comparisons in Figure 2 and Table S3 Non-social>Social: we report whole-brain fMRI results for N>S comparisons in Figure 3 and Table S4 
Correlation analyses
In patients, for the NS condition, we found that the accuracy for the NS condition 
Discussion
Social information processing in schizophrenia
In the current study, patients showed dissociable neural modulation during the processing of social content in speech and gesture modalities. In the speech modality, both controls and patients activated a left-lateralized set of brain regions, including the dlPFC, mPFC, the IFG, the temporal lobe, and the angular/supramarginal gyrus, without any group difference. This finding replicates results from our previous study showing supramodal social-abstract processing of healthy individuals (18), and is consistent with earlier studies in basic research on the role of the mPFC in both perceiving social-related stimuli and mentalizing social intentions (10, 13, 14) . The observed left IFG and temporal lobe activation is also in line with the literature on the neural substrates of abstract vs. concrete semantics (17, 43) , as the videos in the social condition, irrespective of modality, are more abstract than the non-social, object-related condition. The fact that we did not find any group differences in social speech processing suggests that patients with SZ exhibit intact neural processing of social content presented in this modality. This finding complies with a previous language study in SZ, in which patients also activated a comparable left frontotemporal network to controls when they processed abstract vs. concrete visual sentences (23) . Together, these data might suggest that, although SZ patients often show marked social cognition deficits (2, 3), they exhibit intact neural processing of social features encoded with linguistic stimuli (either in the written or verbal form). In the gesture modality, however, although patients activated the mPFC for the social vs. non-social stimuli, this activation was reduced when compared to controls. Notably, such modality-specific neural modulation is, for the first time, reported for social information processing in SZ. This finding is further discussed below.
Non-social information processing in schizophrenia
For the processing of non-social (object-related) information, again, the neural modulation in patients showed an apparent dissociation. In the gesture modality, both controls and patients activated the bilateral occipital-parietal cortices, STG, LOTC, insula, as well as the pre/postcentral gyrus. In the speech modality, although these regions were similarly activated in controls, their brain activation was significantly reduced for patients.
The group comparison suggests reduced activation in SZ patients in the left insula and the left postcentral gyrus for non-social speech. Of note, the observed regions for non-social and object-related information processing overlap with part of the mirror neuron network, which is not only important for action observation and imitation, but also for the understanding of object-and motor-related features in verbal form (44) (45) (46) (47) . This process would require mental simulation of sensorimotor experience (20, 21, 48) . Additionally, the LOTC is also crucially involved in the perception of biological motion, object, as well as tooluse (26, 49, 50) . Our data from the control group suggest that these regions directly support the processing of non-social object-related features, irrespective of encoding modality. This finding is in line with the embodiment view of action and language processing (21, 51) . With regard to the patients, we observed normal neural processing of non-social content in the gesture modality, supporting a previous study (24) , which reported intact mirror neuron activity in SZ (but see (25) ). However, as we also observed reduced bilateral postcentral gyrus and right insula activity for patients vs. controls for non-social speech this would, in turn, imply that motor simulation, as required for processing object-related features from auditory speech, might still be impaired in SZ (23, 25) . This impairment concurs with the reported deficits of SZ in action imitation (25, 42, 52, 53) , where certain degrees of motor simulation is required. Moreover, in the NS condition, we also observed negative correlation between patients' SANS composite and subscores and their task accuracy. This evidence converges with previous research, corroborating the potential role of the mirror neuron system during embodiment of non-social information (e.g., action imitation and observation), as well as its relation to the development and persistence of negative symptoms (42, 54) Enhancing modality-specific social and non-social information processing deficits with bimodal input
The novelty of our findings lies in the dissociable modality-specificity concerning dysfunctional neural processing of social and non-social features. Social and non-social features are functionally and neurally dissociable at the representational level (10, 14) .
Besides, they might be differentially processed through either linguistic (speech) or nonlinguistic (gesture) channels. It has been proposed that social-abstract concepts may be preferentially represented in speech, and that non-social concrete concepts are preferentially delivered in hand action and gesture (55, 56) . Despite this theoretical proposal, however, during comprehension, healthy participants seem to be able to process both types of information in a supramodal manner (e.g., semantic processing with unitary core systems, irrespective of encoding modality, as in (18, 20) ). For patients with SZ, as they exhibit similar neural activations when processing social speech and non-social gestures to controls, this might be an indication that they are at least intact in processing these contents at representational level. But, they might show activation reduction in relevant regions when these features are conveyed in a 'non-preferred' modality, as the processing of these features would require some form of mental simulation: In the case non-social information, patients are impaired in the simulation of motor-related experience from action to language (20) ; In contrast when patients are presented with social information, they might be impaired when simulating social features encoded by hand gestures (but not with speech), as shown in their reduced mPFC activation. This observed modality-specific processing deficit might also suggest that patients, unlike controls, are not capable of processing social/non-social information in a supramodal manner like healthy participants, as reported in previous studies (18, 57) . More importantly, extending previous studies on aberrant processing of social/non-social content in SZ, our results indicate that this neural deficit is not universally present for either a specific modality or content, but rather appears only in specific combinations of these two factors.
Despite reduced neural processing of both social and non-social content in gesture and speech modalities, patients displayed intact neural processing of these features, as well as improved task accuracy in the bimodal conditions. This enhancement effect concurs with a line of proposals (6) , who argue for a bi-directional facilitative relation between speech and gesture (for empirical evidence, see (58) (59) (60) (61) (62) ). More importantly, our finding extends previous basic research, suggesting the translational implication of this mechanism. In SZ research, the past decade has witnessed substantial progress in the development of social cognitive training in SZ (63, 64) , with recent innovation regarding the incorporation of social stimuli from a broader range of modalities (65) . Our findings extend these approaches,
proposing potential therapeutic implications of deploying naturalistic and multimodal stimuli during social cognitive training, as they might be able to normalize processing of both social and non-social information, at least at a neural level. Future research is expected to further explore whether the neural enhancements can be linked to functional outcome after social cognitive training in a multimodal setting.
